To study the determinants of bone mass and density in Finnish girls and young women. Design: A cross-sectional study. Subjects: One hundred and seventy six 8 to 20 year old female volunteers living in the city of Tampere, Finland. Methods: Calcium intake was estimated from a 7 d calcium intake diary (CaD). Bone mineral content (BMC) and areal density (BMD) were measured by dual-energy X-ray absorptiometry (DXA) at the lumbar spine, femoral neck and distal radius. Volumetric bone mineral apparent density (BMAD) was estimated from these DXA data. In addition, anthropometric characteristics, isometric muscle strength, and the Tanner stage were determined. Menstrual status and physical activity level were assessed by a questionnaire and personal interview. Results: Body weight and Tanner stage were the most important determinants of BMC and BMD. Physical activity was the only not growth-related factor associated with BMC, BMD and BMAD. Therefore, it was examined in detail between the PA and NA groups. Site-specific benefits varied from 5-7% for the BMC (lumbar spine and radius) and BMD (lumbar spine and femoral neck) and was about 5% for the BMAD (femoral neck). Conclusions: Body weight seems to be the most important determinant of the BMC and BMD of growing Finnish girls, but during puberty exercise may beneficially affect BMD at the loaded skeletal sites. Exercise may increase femoral BMAD during peripubertal years. There was no association between calcium intake and the bone variables, but the high level so calcium intake in all age groups of the study was likely to explain the lack of association. Descriptors: bone mineral apparent density; bone mineral density; bone mineral content; calcium intake; physical activity
Introduction
Low bone density is a risk factor for osteoporosis and consequent fractures in later life (Riggs and Melton, 1986) . Bone density at a later age is determined by peak bone mass obtained during young adulthood and the subsequent rate of bone loss. Considerable increases in bone mineralization can occur during the period of growth and development. More than 90% of the peak bone mass is achieved by the age of 18 years (Teegarden et al, 1995) . Genetic influences, including body size and pubertal status, account for up to 80% of the peak skeletal mass (Johnston and Slemenda, 1993; Slemenda et al, 1994; Teegarden et al, 1995) . Although genetic factors play a major role in determining peak bone mass, many environmental factors, such as calcium intake and other nutritional factors, physical activity, and some diseases, also contribute to bone accumulation. For instance, increased calcium intake and physical activity have been found to have a positive effect on bone mass accumulation in growing subjects (Johnston et al, 1992; Lloyd et al, 1993; Lee et al, 1994; Teegarden and Weaver, 1994; Cooper et al; Kannus et al, 1995; Nowson et al, 1995) .
In children and adolescents, bone mass increases considerably with age. Within as well as across age groups, bone mineral content (BMC, g) and areal bone mineral density (BMD, g 1 cm 7 2 ) are closely related to bone size and body size (weight and height, respectively). Recently, a new variable, bone mineral apparent density (BMAD, g 1 cm 7 3 ), has been introduced for bone measurements (Carter et al, 1992; Sievänen et al, 1996) . With this approach BMD values can be corrected for bone size. For example, Gilsanz et al (1994) have shown that the vertebral BMAD is similar in men and women, whereas the larger bone size rather than the difference in true bone density accounts for the larger skeletal mass in men. Therefore in the studies of growing bone, BMAD is likely to provide a better estimate of true bone density than the conventional areal BMD (Schönau et al, 1993) .
The objective of this study was to determine the factors affecting bone mineral development in Finnish girls using the three bone mineral variables (BMC, BMD and BMAD) in the analysis.
Subjects and methods

Subjects
One hundred and seventy six Finnish girls and young women living in the city of Tampere, Finland, participated in the study. All the participants were healthy, 8-20 y of age, and non-smoking, and none of them had diseases, prior injuries, eating disturbances, or drug use that might have affected their bones or calcium metabolism. They were ß   1  9  9  7  S  t  o  c  k  t  o  n  P  r  e  s  s  A  l  l  r  i  g  h  t  s  r  e  s  e  r  v  e  d  0  9  5  4  ±  3  0  0  7  /  9  7  $  1  2  .  0  0 recruited through an open invitation at local schools. Written informed consent was obtained from every subject aged 18-20 y and from the parents of the girls who were 8-17 y of age. The study protocol was approved by an independent ethical committee for clinical investigations.
Anthropometric measurements
Height and weight were measured by standard laboratory techniques. The percentage of body fat was estimated using Harpenden calipers (British Indicators Ltd, Luton, Beds, UK). Measurements were taken by the same technician from the following sites: biceps, triceps, supscapular, and suprailiac skinfold thicknesses on the right side of the body. Three readings (to the nearest 0.1 mm) from each site were obtained and the mean value was used in calculations (Durnin and Womersley, 1974) .
Sexual maturation
The Tanner stage was determined by one of the investigators (HH) with help of self-assessment pictures that illustrated the five Tanner stages of breast development and pubic hair distribution (Morris and Urdy, 1980) . For the analyses, the subjects were divided into three groups by Tanner stage: prepubertal (Tanner 1; n 41), peripubertal (Tanner 2 and 3; n 54), and postpubertal (Tanner 4 and 5; n 81).
Calcium intake
The current calcium intake was estimated from a one-week calcium intake diary (CaD) (Uusi-Rasi et al, 1994) , which was obtained from 171 subjects. To validate CaD in this group, the subjects were asked to keep complete food record during four days (4FR). A total of 98 subjects returned the 4FR, of which three were disqualified as inaccurate. A total of 93 subjects returned both the 4FR and CaD. The mean difference in calcium intake between the 4FR and CaD was 138 The food composition data (Rastas et al, 1993) was calculated with Micro-Nutrica software (Social Insurance Institution, Helsinki, Finland).
Interview
The subjects were first interviewed about their past and present physical activity. The interview included questions about the type, frequency, training intensity and duration of each session from the beginning of regular exercise to present days. Accordingly, the subjects were classified either as physically active (PA) or normally active (NA) by the interview. The inclusion criterion for the PA group was that the subject exercised regularly in an athletic club and participated in competitions. The NA subjects had no regular exercise except physical education at school. Thirteen (32%) prepubertal, 30 (56%) peripubertal and 34 (42%) postpubertal subjects were classified as active. In addition, the subjects were asked about their use of alcohol, menstrual history, menstrual status, and the use of oral contraceptives.
Muscle strength
The maximal isomeric strength of the trunk extensors and flexors, the leg extensors and the right forearm was measured by strain gauge dynamometers (Digitest Inc. Muurame, Finland, and Tamtron, Tampere, Finland). The methods have been described in detail elsewhere (Heinonen et al, 1994) .
Bone densitometry
In each subject, the BMC and BMD were measured at anatomically equivalent sites from the lumbar spine (L2-L4), the right femoral neck, and the dominant distal radius forearm with dual-energy X-ray absorptiometry (DXA) (Norland XR-26, Norland Corp, WI, USA). The BMAD was estimated from DXA data as described in detail elsewhere (Sievänen et al, 1996) . In short, the BMAD was defined as the BMC divided by the estimated total volume of the given skeletal site. The lumbar spine and femoral neck were modeled as cylinders, and distal radius as a structure that retain the same projectional shape over the entire bone depth. The BMAD was assumed to describe the bone composition and trabecular architecture as a lumped, size-independent parameter of average porosity. The body height accounted for only 2, 0.1 and 0.1% of variability in BMAD of adults at the above noted sites, respectively (Sievänen et al, 1996) .
All the DXA measurements and analyses were made by the same experienced laboratory technician. In our laboratory, the day-to-day coefficient of variation for the repeated measurements of the same subjects has been shown to vary between 0.8 and 4.0% for BMC, between 0.5 and 0.8% for BMD, and between 0.8 and 1% for BMAD depending on the site of the measurement. The measurement and analysis procedures have been described in detail elsewhere (Sievänen et al, 1992 (Sievänen et al, , 1996 . The DXA scanner was calibrated daily, and its performance was followed with our quality assurance protocol (Sievänen et al, 1994) . Due to apparently low amount of bone mineral at the distal forearm in some of the youngest subjects (n 23), the BMC, BMD and BMAD of this site could not be reliably determined by DXA (namely a clear outline of the bone was not found), and the corresponding data of these 23 subjects were thus excluded.
Statistical analysis
The means and standard deviations (s.d.) were used as the descriptive statistics. Pearson's product-moment correlations were used to assess univariate associations between the bone variables and potential determinants. Stepwise multiple linear regression analysis was used to determine the independent predictors of BMC, BMD and BMAD. Differences between the PA and NA groups were determined by an analysis of covariance, the body weight was used as a covariate.
Results
The characteristics of the three study groups are given in Table 1 .
Anthropometry and muscle strength
Weight, height, body fat, and muscle strength were all associated with BMC and BMD. They were highly collinear, of which body weight showed the highest correlation with the bone parameters (r 0.62-0.90). The correlation of body weight was higher with the BMC than with the BMD (Table 2) . When the correlations between body weight and BMAD were examined, the correlation was significant only for the spinal BMAD of the pre-and post-pubertal subjects (r 0.37 and 0.29,
respectively), but there was no correlation in the peripubertal group. Body weight and femoral BMAD correlated weakly only in the postpubertal group (r 0.20). Body weight did not correlate with the radial BMAD (Table 2) .
Age and Tanner stage
The BMC, BMD and BMAD increased with age at all the measured sites. Both the age and Tanner stage had a high correlation with the bone variables, the r-values ranging from 0.41-0.86. The only exception was radial BMAD, which showed no correlation with age or Tanner stage. In the regression analysis, the Tanner stage turned out to be a somewhat better predictor of the bone parameters than age.
Menstruation
Eighty six subjects reported that they menstruated. Five of them were peripubertal (one reported disturbances in menstruation). Seventeen of the postpubertal subjects had disturbances in menstruation, with no differences between the NA (n 9) and PA (n 8) groups. There were no associations between the BMC, BMD and BMAD and disturbances in menstrual status or menstrual history. Because there were only two users of oral contraceptives in this study, the effects of pill use on the bone variables could not be analyzed.
Calcium
Calcium intake of all subjects was estimated by CaD (Table  1) . There was no significant correlation between the calcium intake and the BMC, BMD or BMAD at any site.
Physical activity
Physical activity was the only not growth-related factor associated with BMC, BMD and BMAD. Therefore, it was examined in detail between the PA and NA groups.
BMC The weight-adjusted mean BMC values of the lumbar spine and femoral neck for all the PA subjects were 2.1 g (7.6%) [95% confidence interval (CI) 0.7, 3.6] and 0.27 g (5.7%) (CI 7 0.19, 0.74) greater than the corresponding values for all the NA subjects (Table 3) . Within the Tanner groups, the difference (3.7 g) was significant in the spinal BMC of the peripubertal girls only (CI 1.3, 6.0). Physical activity was associated with higher radial BMC in all the PA subjects (0.114 g, CI 0.034, 0.195).
BMD The weight-adjusted mean BMD of the femoral neck was 0.05 g 1 cm 7 2 (6.6%) (CI 0.025, 0.079) greater for the entire PA group than the corresponding value for the NA subjects (Table 4 ). The mean difference in spinal BMD was 0.038 g 2 ) was not significant (CI 7 0.001, 0.034). The site-specific differences in BMD were related to the Tanner stage. Physical activity seemed to be beneficial to BMD among the peri-and postpubertal subjects, the weight-adjusted BMD of the PA subjects being greater than that of the NA subjects (Table  4 ). An influence of physical activity was not evident for the radial BMD.
BMAD The weight-adjusted mean BMAD of the spine was 0.011 g 
the entire PA group than for the NA group (Table 5) . Physical activity seemed to be associated with a greater spinal BMAD among peri-pubertal subjects (0.023 g 
Discussion
In this study we evaluated numerous potential predictors of bone mineralization, including anthropometry, sexual maturation, muscle strength, calcium intake, and physical activity. In addition to growth (body weight, height) and sexual maturation, only physical activity seemed to be associated with increased bone mineralization. The body weight was the most important factor related to BMC and BMD of the subjects; this finding can be explained by the growth and the consequent changes in bone size (Gilsanz et al, 1994) . Weight was also a predictor of the spinal BMAD, but its association with femoral neck and radial BMAD was weak.
Our observation that body weight is closely associated with increased bone mass is in agreement with that of several other studies (Rice, 1993; Slemenda et al, 1994; Welten et al, 1994; Välimäki et al, 1994; Cooper et al, 1995; Ruiz et al, 1995; Young et al, 1995) . Likewise, sexual maturation has also been found to be an independent predictor of bone mass (Rice, 1993; Slemenda et al, 1994; Ruiz et al, 1995; Young et al, 1995) .
We found no correlation between calcium intake and the bone variables. Average calcium intake was high (over 1000 mg daily by CaD) in all the groups, and this consistency may explain the lack of association. The benefit of calcium supplementation on bone has been found in many previous studies (Johnston et al, 1992; Lloyd et al, 1993; Lee et al, 1994; Teegarden and Weaver, 1994; Nieves et al, 1995; Nowson et al, 1995) , but in all of these studies the baseline calcium intake was markedly lower than that of P-value for total mean difference; P b P-value for differences between the Tanner groups. P-value for total mean difference; P b P-value for differences between the Tanner groups.
our study. In fact, calcium is considered a threshold nutrient which means that the calcium intake exceeding a certain level does not further contribute to bone mineralization (Matkovic and Heaney, 1992) . A previous study with Finnish youngsters (Välimäki et al, 1994) showed that the influence of calcium intake on femoral BMD seemed to level off when the mean daily intake exceeded the threshold of 1200 mg. Welten et al (1994) found that physical activity was more important for bone mass development than calcium intake. The calcium intake of their subjects was as abundant as in our study. In our study, physical activity was associated with increased bone mineral values. For the whole group, sitespecific benefits varied from 5-7% for the BMC (lumbar spine and radius) and BMD (lumbar spine and femoral neck) and was about 5% for the BMAD (femoral neck). In a previous study of tennis players, Kannus et al (1995) found that physical activity had a considerable effect on bone mineralization, especially if started during or before puberty. Likewise, the positive effect of pubertal exercise could be seen in the femoral neck and lumbar spine in the present study. We found no Tanner stage related benefit of physical activity on radial BMC, BMD or BMAD, but it should be kept in mind that our participants did not train their upper extremities specifically, while, in studies where the bone mineral variables of raquet players have been examined, playing activity has been found to increase bone mineralization at the distal radius (Haapasalo et al, 1994; Kannus et al, 1995) . Thus, there seems to be a concensus that the effects of physical activity can be observed at loaded skeletal sites only (Kannus et al, 1995; Heinonen et al, 1995) .
Altogether, if the subject is healthy and the growth is normal and calcium intake is within recommended levels, physical activity seems to be an effective and recommendable mean to obtain larger peak bone mass during growth and thus larger and apparently stronger bones (Kriska et al, 1988; Kannus et al, 1995) . This suggests that the prevention of osteoporosis should thus begin early in life. Our observation of 5-7% benefits in bone mineral variables of physically active subjects may well be relevant in terms of preventing osteoporotic fractures at older age, if physical activity is maintained at an influential level. It is known that the cessation of physical activity may lead to loss of benefits obtained in bones with preceding exercise (Dalsky et al, 1988; Vuori et al, 1994) . Also the type of mechanical loading regimen plays an integral part in influencing bone modeling (Mosekilde, 1995) . Further intervention studies are needed to specify the type, frequency, intensity, and duration of activity that maximises the effect of exercise on bone mass.
Conclusions
Body weight seems to be the most important determinant of the BMC and BMD among growing Finnish girls, but during puberty exercise may beneficially affect BMD at loaded skeletal sites. Exercise may increase femoral BMAD during peripubertal years. The high level of calcium intake in all the age groups of this study probably explained the lack of association between calcium intake and the bone variables. 
